Ubiquitin modification is mediated by a large family of specificity determining ubiquitin E3 ligases. To facilitate ubiquitin transfer, RING E3 ligases bind both substrate and a ubiquitin E2 conjugating enzyme linked to ubiquitin via a thioester bond, but the mechanism of transfer has remained elusive. Here we report the crystal structure of the dimeric RING domain of rat RNF4 in complex with E2 (UbcH5A) linked by an isopeptide bond to ubiquitin. While the E2 contacts a single protomer of the RING, ubiquitin is folded back onto the E2 by contacts from both RING protomers. The carboxy-terminal tail of ubiquitin is locked into an active site groove on the E2 by an intricate network of interactions, resulting in changes at the E2 active site. This arrangement is primed for catalysis as it can deprotonate the incoming substrate lysine residue and stabilize the consequent tetrahedral transition-state intermediate.
By altering the fate of modified proteins, conjugation with ubiquitin and its homologues has a central role in eukaryotic biology underpinning cell signalling, protein degradation and stress responses. In most cases ubiquitin is transferred to its target proteins from a thioester complex with a ubiquitin conjugating enzyme (E2) by a large family of ubiquitin E3 ligases (E3) 1 . The RING family of E3s, of which over 600 are encoded in the human genome, possess a conserved arrangement of cysteine and histidine residues that coordinate two zinc atoms 2 . RING E3 ligases bind both substrate and E2-ubiquitin (E2-Ub) thioester, but the molecular basis by which the RING activates the E2-Ub bond for transfer of ubiquitin to substrate has remained elusive.
RNF4 is a SUMO-targeted ubiquitin ligase 3 that has a key role in the DNA damage response [4] [5] [6] and in arsenic therapy for acute promyelocytic leukaemia 7, 8 . RNF4 contains multiple SUMO interaction motifs, allowing it to engage polySUMO-modified substrates, and a RING domain 2 that is responsible for dimerization and catalysis of ubiquitin transfer 3, 9 . Our understanding of RING-catalysed ubiquitination has been hindered by the lack of structures of the key intermediate: a RING bound to E2-Ub. Obtaining this key complex is difficult, as the thioester (or engineered oxyester) bond linking E2 and ubiquitin is highly activated and unstable in the presence of an E3.
Structure of the RING-UbcH5A-Ub complex
We have engineered a mimic of the E2-Ub thioester bond by replacing the active site cysteine of the E2 UbcH5A (also called UBE2D1) with a lysine to generate an isopeptide (amide) bond between the C terminus of ubiquitin and the e-amino group of the introduced lysine ( Supplementary Figs 1 and 2) . Isopeptide-linked UbcH5A-Ub bound selectively to the RNF4 RING and acted as a potent inhibitor of RNF4mediated substrate ubiquitination, confirming that it is an excellent mimic, but crucially, that it is stable in the presence of RNF4 ( Supplementary Fig. 3 ). The E2-Ub mimic was mixed in a 2:1 ratio with a fused RNF4 RING dimer 3 and crystallized. A 2.2 Å structure of the resulting complex was determined (Supplementary Table 1 ). The asymmetric unit contains the central RNF4 RING dimer, two UbcH5A molecules and two ubiquitin molecules related by a two-fold axis ( Fig. 1 ). Each UbcH5A molecule contacts a single RING domain and is linked by an isopeptide bond to ubiquitin ( Supplementary Fig. 4 ) that sits at the RING dimer interface. The complex can be envisaged as a dimer of heterotrimers (RING monomer, UbcH5A and ubiquitin).
Strikingly, ubiquitin is folded back onto the E2, creating an interface that buries approximately 1,800 Å 2 , has 15 hydrogen bonds and 4 salt bridges. L8 of ubiquitin interacts with L97 and K101 of UbcH5A, whereas I44, H68 and V70 in ubiquitin are close to L104, S105 and S108 on the a2 helix of the E2 (Fig. 2a ). Extensive contacts are evident between the C-terminal 6 residues of ubiquitin and loops surrounding the active site of UbcH5A, particularly residues L86, D87, Q92 and N114. The side chain of N77 in UbcH5A forms a hydrogen bond to the isopeptide carbonyl ( Fig. 2b ). Mapping conserved E2 residues ( Supplementary Fig. 5 ) shows that highly conserved residues surround the active site and the shallow groove that accommodates the C-terminal region of the linked ubiquitin ( Supplementary Fig. 6 ). The other conserved cluster of E2 residues constitutes the binding site for the E3 ligase.
UbcH5A contacts a single protomer of the RING ( Supplementary  Fig. 7 ) and the interface is very similar to that previously described for RING-E2 complexes 10, 11 . At the junction of the three molecules in the heterotrimer is a hydrophobic cluster formed by L8, T9 and L71 of ubiquitin, A96 and L97 of UbcH5A, and P137, P178 and R181 of the RING ( Fig. 2c and Supplementary Fig. 7 ). Ubiquitin contacts both protomers of the RING dimer and the interface buries 940 Å 2 (Fig. 2c ). Residues L8 to K11 and L71 with R72 of ubiquitin contact RING residues T179 to R181 within the same heterotrimer, whereas the Q31 to Q40 region of ubiquitin contacts both protomers of the RING dimer. The backbone carbonyl of ubiquitin E34 makes a hydrogen bond with RING residue H160 (zinc ligand) and the main-chain E34 to G35 of ubiquitin stacks with the side chain of Y193 of the RING domain from the other heterotrimer ( Fig. 2d ). These interfaces explain why dimerization of the RNF4 RING is required for activity 3, 9 . Phylogenetic analysis of RNF4 from a wide range of species and sequence comparison of RNF4 with other dimeric RING and U-box E3 ligases indicate that the bound ubiquitin interacts with conserved features of the RING ( Supplementary Fig. 8 ).
The RING domain does not undergo any major structural change as a result of complex formation ( Supplementary Fig. 9a ). Ubiquitin shows little change in overall structure up to R72; the remaining five residues are, however, positioned differently as a consequence of being held in the active site groove of UbcH5A. The loop at L8 in ubiquitin has moved over 4 Å to form the hydrophobic cluster with UbcH5A and the RING ( Supplementary Fig. 9b ). Superposition of the coordinates of unconjugated UbcH5A either free (Protein Data Bank accession 2C4P), or in a variety of non-covalent complexes [12] [13] [14] , and UbcH5A in the present structure reveals a clear re-arrangement centred on D117. In the unconjugated structures, the side chain of D117 points towards C85, in a position that would clash with the isopeptide (thioester) bond observed in our complex ( Supplementary  Fig. 9c, d ).
E2 and ubiquitin residues required for activity
Previous mutational analysis revealed the importance of the RING residue R181-which contacts both E2 and ubiquitin in the present structure ( Fig. 2 )-in the ubiquitination activity of RNF4 (ref. 3) . Moreover, Y193 in the RING plus L8 and I44 in ubiquitin were shown to be required for activity 3 . Although it was thought that these residues might interact directly, the present structure emphasizes their importance but shows that they are not in direct contact. To validate our structure further, we introduced mutations into ubiquitin and UbcH5A ( Fig. 3a, b ) and tested these in a single-turnover substrate ubiquitination assay. Mutations of hydrophobic residues I44 (ubiquitin) and L104 (UbcH5A) at the interface between ubiquitin and UbcH5A abolished ubiquitination activity, whereas mutations K101A, S108A and D112A in UbcH5A and R42A in ubiquitin reduced activity modestly ( Fig. 3c, d and Supplementary Figs [10] [11] [12] [13] . Ubiquitin mutations G35A and I36A (both at the RING interface) substantially (.103) reduced activity. Significant reductions in ubiquitination were also observed for mutations of L8 and L71 in ubiquitin and L97 in UbcH5A that form a hydrophobic core at the junction of all the three molecules in the heterotrimer. In the E2 active site groove, mutations N77A and D87A in UbcH5A abolished activity, whereas D117A severely compromised activity. N114A in UbcH5A and R72A, L73A and R74A in ubiquitin displayed modestly reduced activity (Fig. 3c, d and Supplementary Figs 10-13 ).
To discriminate between residues in ubiquitin and E2 that influence the ability of the substrate lysine to carry out nucleophilic attack on the E2-Ub thioester and those residues involved in activating the E2-Ub bond, we carried out substrate-independent assays that measure the ability of the RNF4 RING to catalyse hydrolysis of an E2-Ub oxyester bond 3 (Fig. 3e , f and Supplementary Figs 14 and 15 ). Mutations in ubiquitin and UbcH5A that reduced substrate-dependent ubiquitination also reduced oxyester hydrolysis, with the important exception of D117A, which was defective in substrate ubiquitination but retained wild-type levels of oxyester hydrolysis ( Fig. 3d , f).
We investigated whether residues in ubiquitin and UbcH5A that are important for RNF4-mediated ubiquitination have a more general role in E3-catalysed transfer. The ubiquitin and UbcH5A mutants were tested in combination with the unrelated U-box E3 ligase CHIP (C terminus of Hsp70-interacting protein) using an autoubiquitination assay. Although there are relatively modest quantitative differences in ubiquitination, the effect of the mutations on CHIP and RNF4 activity is very similar (Fig. 4 ). Thus, it is likely that a conserved mechanism is used by CHIP and RNF4 to catalyse ubiquitin transfer.
Mechanism of RING-mediated ubiquitination
Using the isopeptide-linked E2-Ub in our crystal structure, we constructed a model of the E2-Ub thioester by replacing K85 in UbcH5A with a cysteine and minimizing the geometry. The resulting model shows very minor changes: the Sc and Ca atoms in C85 are shifted 1.0 Å and 0.2 Å from Cc and Ca atoms of K85, with smaller changes in I84 and L86. In ubiquitin the Ca atoms of G76 and G75 have moved 0.5 Å and 0.2 Å , respectively. The carbonyl group of the thioester at G76 has moved 0.6 Å and rotated around 45u, resulting in the hydrogen bond with N77 being extended to 3.6 Å ( Fig. 5a, b ). Coupled with the mutational analysis and evidence that the isopeptide-linked E2-Ub is a competitive inhibitor of ubiquitination, we conclude that the crystal structure is a relevant model for the key E2-Ub-RING heterotrimeric intermediate.
In the absence of an E3 ligase, the ubiquitin thioester linked to the E2 can adopt a wide range of different conformations that also include a 'folded-back' conformation [15] [16] [17] . As free ubiquitin has no detectable affinity for the RNF4 RING we suggest that the initial interaction will be between E2 and the RING. In this encounter, with the E2 bound to one RING protomer, the thioester-linked ubiquitin would be engaged by Y193 of the other RING protomer and folded back to contact the a2 helix of UbcH5A, while its C terminus is extended and locked in the active site groove of the E2. This orientates the planar thioester bond such that the ubiquitin G76 thioester carbonyl is in the optimal arrangement for nucleophilic attack by the incoming substrate lysine. This arrangement of the E2 active site was not observed in a UbcH5B-Ub oxyester alone 18 or when a UbcH5B-Ub oxyester is bound to a HECT E3 ligase 19 (Fig. 5c, d) UbcH5A. a, Surface representation of the complex. Individual RING protomers are coloured cyan and blue, UbcH5A is green, ubiquitin is orange and the isopeptide linkage between the C terminus of ubiquitin and K85 of UbcH5A is shown in yellow. b, Ribbon diagram of the complex with the same orientation and colour scheme as in a. Zinc atoms are indicated as grey spheres. c, As in b, but the complex is rotated by 90u as indicated.
RESEARCH ARTICLE
negative charge, would move down below the plane of the original thioester bond and form a hydrogen bond to N77, stabilizing the tetrahedral intermediate. In fact the atoms would move towards the experimental orientation of the carbonyl in the isopeptide bond that makes a 2.8 Å hydrogen bond with N77. The role of UbcH5A D117, which sits above the thioester and is re-positioned by ubiquitin binding, has been clarified by analysis of the D117A mutant. Of the mutants which are defective in the ubiquitination assay, only D117A retains wild-type levels of oxyester hydrolysis (Fig. 3f ). Because the E2-Ub oxyester bond is hydrolysed in the presence of E3 (no transfer to substrate) 3 , only a residue with the sole function to position and/or activate the incoming lysine nucleophile should possess activity in oxyester hydrolysis assays but be inactive in ubiquitination.
Implications for transfer of ubiquitin and related modifiers
This is the first structure of a RING E3 ligase bound to a ubiquitinloaded E2, but the mechanism proposed here for ubiquitin transfer to substrate is consistent with previous work. Key roles for residues N77 (ref. 20 19 . The folded-back conformation where the I44 hydrophobic patch of ubiquitin (or equivalent region of SUMO) engages the a2 helix of the E2 has been suggested as an intermediate in ubiquitin/Ubl transfer based on NMR models 15, 17 , mutagenesis coupled with modelling 22, 24 , and from the structure of a SUMO substrate-E2-E3 product complex 23, 25 . Comparing the NMR model of UBC1 (also called UBE2K)-Ub thioester 15 with the present structure shows that although ubiquitin in the UBC1-Ub thioester is in the folded-back conformation, it is different from the present structure where interactions between ubiquitin and the RING extend and exert tension on the ubiquitin C terminus, locking it down into the E2 active site groove. In the absence of its cognate E3 the ubiquitin C-terminal tail in the UBC1-Ub complex is not locked down in the UBC1 active site groove and the thioester is thus not activated ( Supplementary Fig. 16 ).
The folded-back conformation was also observed in the structure of SUMO-modified RanGAP1 in complex with UBC9 (also called UBE2I) and the SUMO E3 ligase RanBP2 (ref. 25) (trapped product complex). The position of the SUMO C-terminal tail and hydrogen bonding interactions within the active site groove of UBC9 are remarkably similar to those seen for UbcH5A-Ub bound to the RNF4 RING ( Supplementary Fig. 17 ). Although both RNF4 and RanBP2 interact with ubiquitin/SUMO to lock it into this conformation, molecular details of these contacts are rather different. Whereas the RING domain interacts with a hydrophobic patch in ubiquitin containing L8, I36 and L71, RanBP2 holds SUMO using a SUMO interaction motif. Superimposing UBC9 from the RanGAP1-SUMO-UBC9-RanBP2 complex with UbcH5A from the RNF4 
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RING-UbcH5A-Ub structure allows a model of the catalytic transfer complex to be constructed (E2-Ub thioester, E3 and substrate) ( Fig. 5e and Supplementary Fig. 17d, e ). This model both unifies and provides clear molecular rationale for a body of existing data on ubiquitination.
Although RNF4 is a structurally simple E3 ligase it seems likely that similar principles of E2-Ub activation will be used by structurally more complex ubiquitin ligases such as the cullin-based ligases 26 and the anaphase promoting complex/cyclosome 27 that are also RING dependent. Our data suggest E3 ligases for other Ubls are also likely to use a similar catalytic mechanism 23, 25 . The unifying concept is that the E3 activates E2-Ub/Ubl thioester by holding the Ub/Ubl in the folded-back position, extending its C-terminal tail. This is akin to tensioning a spring that would be released by cleavage of the thioester and formation of the isopeptide bond. Although details of the molecular contacts that fold back the Ub/Ubl will vary, it is the position of the C-terminal tail of the Ub/Ubl in the active site groove of the E2 that is central to the process. 
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METHODS SUMMARY
Recombinant proteins were expressed in Escherichia coli cells and purified by standard methods. For structural analysis of a stable mimic of the UbcH5A-Ub thioester, mutations C85K and S22R 28 were introduced into UbcH5A (UbcH5A(S22R/C85K)). The isopeptide bond-linked UbcH5A(S22R/C85K)-Ub conjugate was prepared by incubating UbcH5A(S22R/C85K) (200 mM) with His 6 -tagged ubiquitin (200 mM) and E1 (1 mM) at 35 uC for 26 h in a buffer containing 3 mM ATP, 5 mM MgCl 2 , 50 mM Tris pH 10.0, 150 mM NaCl and 0.8 mM TCEP. The E2-Ub conjugate was purified by Ni 21 -affinity chromatography. His 6 -tag was removed using TEV protease and the conjugate was further purified by Ni 21 -affinity chromatography and gel filtration chromatography. The RNF4 RING-UbcH5A(S22R/C85K)-Ub complex was prepared by mixing the UbcH5A(S22R/C85K)-Ub with a linear fusion of two RNF4 RING domains in a 2:1 molar ratio. Crystals grew from a 1:1 sitting-drop with a reservoir solution containing 18% (w/v) PEG 3,000, 0.1 M Tris (pH 7.2), and 0.2 M calcium acetate. The structure was solved by molecular replacement to a resolution of 2.2 Å using in house X-rays. A single-turnover substrate ubiquitination assay for RNF4 has been described previously 3 . 19 , and UbcH5B-Ub oxyester (Protein Data Bank accession 3A33) 18 . d, RINGmediated remodelling of the UbcH5A active site. The position of the C terminus of ubiquitin linked to the active site cysteine/serine of the E2 is shown relative to residues N77 and D117 in the three structures shown in c. e, Model for nucleophilic attack by substrate lysine (pink) on the E2-Ub thioester bond, based on the SUMO-RanGAP1-UBC9-RanBP2 structure 25 .
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METHODS
Cloning, expression and purification of recombinant proteins. Expression and purification of Rattus norvegicus RNF4, human UbcH5A, and His 6 -tagged linear fusion of four SUMO2 molecules (4 3 SUMO-2) has been described previously 3 . Mutations S22R 28 and C85K were introduced into UbcH5A using PCR-based site-directed mutagenesis and the mutant protein was expressed and purified as described for wild-type UbcH5A. A linear fusion of two RNF4 RING domains was generated by sub-cloning the first RING domain (RING1, residues 131-194 of R. norvegicus RNF4) into pLou3 vector 8 using NcoI and BamHI restriction sites. The second RING domain (RING2, residues 131-194) was inserted using BamHI and HindIII restriction sites with a single glycine residue as a linker between the two RINGs. The RING1-RING2 linear fusion was expressed and purified as described for wild-type RNF4 3 . Human ubiquitin (residues 1-76) was sub-cloned into pHIS-TEV-30a vector 29 and expressed in BL21(DE3) E. coli cells at 37 uC for 4 h after induction with 1 mM IPTG. His 6 -tagged ubiquitin was purified by Ni-NTA (Qiagen) affinity chromatography and dialysed overnight into 20 mM Tris, 150 mM NaCl, pH 8.0. To cleave off the His 6 -tag, ubiquitin was incubated with TEV protease, followed by Ni-NTA affinity chromatography to remove any uncleaved His 6 -tagged ubiquitin, the free His 6 -tag and the TEV protease (also His 6 -tagged). Purified untagged ubiquitin was then dialysed against 50 mM Tris, pH 7.5. As a result of cloning, the ubiquitin construct contains four extra residues at the N terminus (Gly-Ala-Met-Gly) after cleavage with TEV protease. Preparation of UbcH5A-Ub connected with an isopeptide bond. To generate the UbcH5A(S22R/C85K)-Ub conjugate, UbcH5A(S22R/C85K) (200 mM) was incubated with His 6 -tagged ubiquitin (200 mM) and His 6 -UBE1 (1 mM) at 35 uC for 26 h in a buffer containing 3 mM ATP, 5 mM MgCl 2 , 50 mM Tris pH 10.0, 150 mM NaCl, and 0.8 mM TCEP. Subsequently, imidazole was added to a final concentration of 20 mM and the sample was applied onto a Ni-NTA column preequilibrated with binding buffer (50 mM Tris, 150 mM NaCl, 20 mM imidazole, 0.5 mM TCEP, pH 7.5). The column was washed with binding buffer and the E2-Ub conjugate was eluted with elution buffer (50 mM Tris, 150 mM NaCl, 150 mM imidazole, 0.5 mM TCEP, pH 7.5). Elution fractions containing the E2-Ub conjugate were pooled and TEV protease was added to the sample to cleave off the His 6 -tag from ubiquitin, followed by overnight dialysis at 4 uC against 50 mM Tris, 150 mM NaCl, 0.5 mM TCEP, pH 7.5. Subsequently, the sample was passed through a Ni-NTA column pre-equilibrated in binding buffer to remove any uncleaved E2-His Ub conjugate and the TEV protease (also His 6 -tagged). A flow-through fraction was concentrated and applied onto a HiLoad 16/60 Superdex 75 gel filtration column (GE Healthcare) pre-equilibrated in 20 mM Tris, 150 mM NaCl, 1 mM TCEP, pH 7.0. The purified UbcH5A(S22R/C85K)-Ub conjugate was concentrated to 5 mg ml 21 , flash-frozen in liquid nitrogen and stored at 280 uC. Crystallization of the RNF4 RING-UbcH5A(S22R/C85K)-Ub complex. The UbcH5A(S22R/C85K)-Ub conjugate was mixed with the linear fusion of two RNF4 RING domains in a 2:1 molar ratio and the complex was concentrated to 17 mg ml 21 . Proteins were buffer-exchanged into 20 mM Tris, 150 mM NaCl, 1 mM TCEP, pH 7.0 during the concentration step. Crystals were grown at 20 uC using the sitting-drop vapour diffusion method by mixing 1 ml of protein complex with 1 ml of reservoir solution (18% (w/v) PEG 3,000, 0.1 M Tris pH 7.2, 0.2 M calcium acetate). Crystals appeared after 1 or 2 days and grew to their final size within ,5-7 days. Crystals were briefly soaked in a cryoprotectant solution (10% (v/v) ethylene glycol, 18% (w/v) PEG 3,000, 0.1 M Tris pH 7.2, 0.2 M calcium acetate) before flash-freezing in liquid nitrogen. Data collection and structure determination. Diffraction data were recorded on a Rigaku Saturn CCD with X-rays generated from a Rigaku 007 HF generator. Resolution of the crystals was limited by our ability resolve the long cell edge due to high mosaic spread (approx 1u) and orientation of the crystal. The structure was solved by molecular replacement using PHASER 30 as implemented in the CCP4 package 31 . A lower resolution (3 Å ) data set for the heterotrimer was solved by finding a single RNF4 RING domain (Protein Data Bank accession 2XEU) 3 , followed by E2 UbcH5A (2YHO) 14 and ubiquitin (1UBQ, truncated at residue R72) 32 . Interestingly, searching for a second copy of each domain alone did not produce a clear solution. Instead searches using the RING dimer, followed by E2, ubiquitin and then the E2-ubiquitin conjugate, or RING monomer, then E2, then ubiquitin, followed by RING-E2-ubiquitin heterotrimer gave solutions. When a higher resolution data set (2.2 Å ) was obtained, the heterotrimer from the low resolution structure was used to solve this data. The models were adjusted manually using COOT 33 , the isopeptide bond and the missing ubiquitin residues were clearly visible and built into the model. The model was refined using REFMAC5 34 , NCS restrains were used throughout. MolProbity 35 was used to correct side-chain conformations and as a guide to manual building. The final model has good geometry with MolProbity score of 1.42 (99th percentile). 98.6% of residues are in the favoured regions of Ramachandran plot and no residues are in the disallowed regions. Molecular interfaces were analysed using the PISA server 36 . The two RING molecules in the crystal are fused together into a single protomer but comparison with the native (unfused) dimeric RING domain structure 3 shows that the arrangement of the domains relative to each other and the contacts between them are very similar. For clarity we therefore discuss the dimeric RING domain structure in this crystal as if it were formed by two proteins.
UbcH5A-Ub thioester model. The UbcH5A-Ub thioester model was generated from the crystal structure by replacing K85 in UbcH5A with a cysteine using COOT 33 . The N-Ca-Cb-Sc dihedral angle was set to 180u (the same conformer as in 3PTF 12 ). The geometry of the model was then minimized by REFMAC 34 for 10 cycles, adding hydrogens at expected positions. Restraints for the thioester linkage were generated using JLigand 37 . Ubiquitination assays. A single-turnover substrate ubiquitination assay for
